Age-dependent loss of cardiac tissue homeostasis largely impacts heart performance and 33 contributes significantly to cardiovascular diseases later in life. Cellular quality control 34 machinery, such as autophagy/lysosome system, plays a crucial role in maintaining cardiac 35 health and preventing age-induced cardiomyopathy and heart failure. However, how aging alters 36 the autophagy/lysosome system to impact cardiac function remains largely unknown. Here using 37
protein Daw preserved cardiac function with age, while expression of activated activin type I 125 receptor Babo induced cardiomyopathy early in life. Inhibition of autophagy blocked the 126 cardioprotective effects by Daw knockdown. Intriguingly, activin signaling genetically interacted 127 with mTORC2 subunit Rictor (rapamycin-insensitive companion of mTOR), but not mTORC1 to 128 control autophagy and cardiac aging. Thus, our study uncovered a novel interaction between 129 activin and mTORC2 in the regulation of tissue homeostasis, autophagy, and age-related 130 cardiomyopathy. 131
132
Results 133
Heart-specific knockdown of activin-like ligand Daw slows cardiac aging 134
Our previous study demonstrated that the activin-like protein Daw regulated tissue 135 homeostasis (especially in flight muscle) and longevity in Drosophila 21 . Interestingly, we found 136 that activin signaling increased in aging fly hearts, as indicated by elevated phosphorylation of 137 Smad2 in heart nuclei (Fig. 1a ). This finding suggest that activin signaling may play a role in 138 regulating cardiac aging. To investigate this possibility, we knocked down the expression of Daw 139 specifically in the heart with a binary GAL4/UAS system where we crossed UAS-Daw RNAi 140 lines into a cardiac-specific tissue driver (Hand-gal4). We analyzed cardiac performance in 141 young and old flies using a high-speed video imaging system (semi-automatic optical heartbeat 142 analysis, SOHA) 31 . M-Mode traces from the SOHA analysis indicated that knockdown of Daw 143 preserved cardiac contractility at advanced ages (Fig. 1b) . In wild-type flies, normal aging is 144 associated with increased cardiac arrhythmia, diastolic intervals, heart period (bradycardia, slow 145 heart rate) (Figs. 1c, 1d, 1e), and decreased cardiac output ( Fig. 1f ). Systolic intervals normally 146 remain unchanged (Fig. 1g ). Interestingly, cardiac-specific knockdown of Daw attenuated age-147 dependent increase in arrhythmia, diastolic intervals, and heart period ( Figs. 1c, 1d, 1e ). Daw 148 knockdown also maintained relatively normal cardiac output at advanced ages (Fig. 1f ). Similar 149 results were observed from three independent Daw RNAi lines (the knockdown efficiency of 150 Daw RNAi was verified by qRT-PCR in our previous studies 21 ). 151
The Hand-gal4 line drives gene expression in both cardiomyocytes and pericardial cells 152 32 . To test the tissue-specific role of Daw in cardiac aging, we first crossed Daw RNAi into a 153 cardiomyocyte-specific driver TinC-gal4 33 . Similar to the results from Hand-gal4 (Fig. 1h) , 154 cardiomyocyte-specific knockdown of Daw prevented age-related increase in cardiac arrhythmia 155 ( Fig. 1i ). We also tested whether Daw expression in pericardial cells can regulate cardiac aging 156 using a pericardial cell-specific driver Dot-gal4 34 . Interestingly, knockdown of Daw in 157 pericardial cells also attenuated age-induced arrhythmia (Fig. 1j ), but not the increase in diastolic 158 interval ( Fig. 1k ). Thus, Daw appears to promote cardiac aging, in particular age-induced 159 arrhythmia, through both cardiomyocyte-specific regulation and non-autonomous signaling from 160 pericardial cells. 161 162 Cardiomyocyte-specific knockdown of activin receptor Babo delays cardiac aging 163
In Drosophila, activin-like ligand Daw signals through the type I receptor Babo, the fly 164 homolog of mammalian ALK4 (activin receptor type-1B) 23 . To investigate whether Daw acts 165 through its receptor Babo to modulate cardiac aging, we first asked if Babo plays a similar role in 166 preventing age-dependent increase in cardiomyopathy. Consistent with the results from Daw 167 knockdown, we found that cardiomyocyte-specific knockdown of Babo blocked the age-related 168 increase in cardiac arrhythmia, diastolic intervals, and heart period ( Figs. 2a, 2b, 2c ). Two 169 independent Babo RNAi lines were used and both gave similar results. Systolic intervals 170 remained unchanged in both controls and Babo RNAi flies (Fig. 2d ). Knockdown of Babo did 171 not affect age-dependent changes in cardiac output (Data not shown). 172
In a reciprocal experiment, we used a GeneSwitch heart driver (Hand-GS-gal4) to 173 express a constitutive active form of Babo (Babo-Act, or Babo.Q302D) specifically in adult 174 hearts. We found that cardiac expression of activated Babo significantly increased cardiac 175 arrhythmia, diastolic intervals, and heart period already at young ages (Figs. 2e, 2f, 2g). Taken 176 together, these results suggest that Babo plays an important role in age-related cardiomyopathy, 177 especially cardiac arrhythmia, diastolic function and heart rate. 178 179
Daw negatively regulates autophagy in fly hearts 180
Autophagy is one of the key mechanisms in maintaining tissue hemostasis, and its 181 activity normally declines with age 6, 9, 10 . Our previous studies showed that activin signaling 182 regulates autophagosome formation and Atg8a transcription 21 . It is likely that Daw regulates 183 cardiac aging by modulating autophagy. To first verify the role of Daw in autophagy-lysosome 184 activity, we used LysoTracker staining to monitor the lysosomal acidification in adult fat body, a 185 well-established autophagy marker in flies 35 . Consistent with our previous finding, heterozygous 186
Daw [11] loss-of-function mutants showed increased LysoTracker staining, suggesting an elevated 187 basal autophagy/lysosome activities (Fig. 3a) . Using a lipidation assay, we furthermore showed 188 that mutation of Daw increased the levels of lipidated Atg8a, the fly homolog of mammalian 189 LC3/GABARAP family proteins (Fig. 3b ). Finally, mosaic analysis revealed that somatic cell 190 clones in larval fat body expressing RNAi against either Daw or Babo (marked by GFP) showed 191 increased numbers of autophagosome, indicated by mCherry-Atg8a puncta (Fig. 3c ). The data 192 suggest that activin signaling negatively regulates autophagy and lysosome activities. 193
Next, we examined whether Daw plays a similar role in modulating autophagy in fly 194 hearts. Using a commercial antibody for Drosophila Atg8a protein ( Fig. S1 shows the antibody 195 validation), we found that the number of autophagosome in the heart was higher in Daw [11] 196 mutants compared to wild-type ( Fig. S2a ). Because autophagy is a dynamic process, the 197 increased autophagosome number could result from increased autophagy activities, or blockage 198 of lysosomal degradation 36 . We next examined the role of Daw in the regulation of autophagic 199 flux (the turnover of autophagosome). We exposed semi-intact fly hearts to a V-ATPase inhibitor 200 bafilomycin A1 (Baf A1), which blocks both lysosomal acidification and autophagosome-201 lysosome fusion 37 . We found that Baf A1 treatment resulted in a higher increase in the number 202 of Atg8a-positive autophagosome in Daw [11] hearts compared to wild-type hearts (Figs. S2a-203 S2c). Thus, the results suggest that Daw negatively regulate autophagic flux in fly hearts. 204
Aging tissues show reduced autophagy and accumulated cellular damages. We next 205 examined whether inhibition of activin/Daw signaling in fly hearts can rescue age-dependent 206 decline of autophagy. Using a mCherry-Atg8a reporter line, we observed a dramatic 207 accumulation of Atg8a-positive autophagosome in the heart ( Fig. 3d, 3e , 3h). The 208 cardiomyocyte-specific driver TinC-gal4 was used. The accumulation of autophagosome is 209 likely due to the blockage of autophagosome turnover, because increases numbers of Atg8a-210 positive puncta were only seen in Baf A1-treated young hearts, but not the old hearts (Figs. 3e, 211 3h, 3j). Consistently, the adaptor protein p62/Ref(2)P, a marker for defective aggrephagy 38 , was 212 accumulated in aging hearts and Atg8a mutants ( Fig. S3 ). Intriguingly, flies with heart-specific 213
Daw knockdown maintained high levels of cardiac autophagosome turnover (or active 214 autophagic flux) at both young and old ages, as indicated by the induction of autophagosome 215 number upon Baf A1 treatment (Figs. 3f, 3h, 3j). Notably, constitutively activated Babo 216 repressed the autophagic flux at both young and old ages (Figs. 3g, 3h). Activation of Babo also 217 blocked the accumulation of autophagosome in old fly hearts, which suggests that besides the 218 regulation of autophagosome turnover, activin signaling also play an important role in 219 autophagosome initiation and formation (Figs. 3g, 3h). We were able to verify these phenotypes 220 using another heart-specific driver Hand-Gal4 (Fig. 3i ). Taken together, our findings suggest that 221 inhibition of activin/Daw signaling promotes autophagosome turnover and maintains healthy 222 autophagic activity in old hearts. 223 224
Inhibition of autophagy, but not activation of mTORC1, blocks Daw knockdown-mediated 225 cardioprotection 226
Since we observed an induction of autophagy in Daw knockdown flies, we next asked 227 whether autophagy activity is required for Daw-regulated cardiac aging. First, we fed control and 228
Daw knockdown flies with lysosomal inhibitor chloroquine (CQ). As expected, CQ treatment 229 increased cardiac arrhythmia in Daw knockdown flies at old age ( Fig. 4a ). To directly test 230 whether autophagy plays any role in Daw-regulated cardiac aging, we generated double 231 knockdown flies by combining UAS-Daw RNAi and UAS-Atg1 RNAi fly lines. Atg1 is a 232 serine/threonine-protein kinase that is essential for autophagy initiation. Cardiac-specific 233 knockdown of Atg1 increased both cardiac arrhythmia and diastolic intervals at young ages ( Fig.  234 4b), similar to the fly heart with activated Babo (Figs. 2e, 2f). Consistent with CQ treatment, 235 cardiac-specific knockdown of Atg1 attenuated cardioprotective effects of Daw RNAi, since 236 simultaneously knockdown of Atg1 and Daw in the heart led to age-dependent increase in 237 arrhythmia similar to control flies ( Fig. 4c ). Thus, these results suggest that autophagy and Atg1 238 are required for Daw-regulated cardiac aging. 239 mTORC1 is a key negative regulator of autophagy 35 . We then tested whether Daw could 240 negatively regulate autophagy and cardiac aging through activation of mTORC1 signaling. To 241 test this possibility, we first generated double knockdown flies by combining UAS-Daw RNAi 242 and UAS-Tsc1 RNAi. Tsc1 (Tuberous sclerosis protein 1) is a negative regulator of mTORC1 243 ( Fig. S4a) . Surprisingly, activation of mTORC1 via Tsc1 knockdown had no effects on cardiac 244 arrhythmia ( Fig. 4d ), but reduced diastolic intervals at young age ( Fig. 4e ), which is very 245 different from the cardiomyopathy resulted from cardiac-specific expression of activated activin 246 receptor Babo (Figs. 2e, 2f ). Furthermore, knockdown of Tsc1 did not rescue the 247 cardioprotective effects of Daw knockdown during aging ( Fig. 4f ). Simultaneously knockdown 248 of Tsc1 and Daw did not show age-dependent increase in arrhythmia. Similarly, loss-of-function 249 mutant Tsc1 [12] did not rescue the elevated LysoTracker staining in Daw [11] (Fig. 4g ). These 250 results suggest that activation of mTORC1 is not required for Daw-regulated autophagy and 251 cardiac aging. 252
It is known that inhibition of mTORC1 prolongs lifespan 16, 39 and attenuates stress- Intriguingly, we found that loss-of-function mutation in Rictor repressed the high lysosomal 278 activities in Daw [11] mutants (Figs. 5i, 5j, 5k, 5l). Similarly, mutations in Sin1, another core 279 component of mTORC2, blocked the elevated lysosomal activity in Daw mutants. Furthermore, 280 mosaic analysis revealed that over-expression of Rictor induced lysosome activity ( Fig. 5m ). 281
Interestingly, unlike Tsc1 [12] mutants, Rictor [42] mutants did not repress starvation-induced 282 lysosome activity ( Fig. S5c) . Similarly, activated Babo also did not block starvation-induced 283 lysosome activity (Fig. S5d ). These data suggest that activin signaling and mTORC2/Rictor 284 regulate autophagy differently from mTORC1, and Rictor acts downstream of activin signaling 285 in the regulation of autophagy. 286
Given that Rictor positively regulates autophagy, we predict that Rictor is a cardiac 287 protective factor. Indeed and TinC-gal4) significantly prolongs lifespan (range from 14% to 32% extension of median 300 lifespan) (Figs. 7a-7e). Compared to Hand-gal4, cardiomyocyte-specific driver TinC-gal4 301 produced stronger lifespan extension. Two independent lifespan analyses were performed and 302 both showed similar lifespan phenotypes ( Fig. 7e ). In the first lifespan trial, multiple control 303 lines (dashed lines in Fig. 7a ) and two Daw RNAi lines (solid lines in Fig. 7a ) were included. 304
Because Daw is a hormonal factor, it is unclear whether Daw regulates lifespan through cell-305 autonomous or non-autonomous mechanisms. However, our previous study showed that Daw 306 regulates longevity in a tissue-specific manner 21 . Flight muscle-specific knockdown of Daw 307 prolongs lifespan, while fat body-specific knockdown of Daw shortens lifespan. Therefore, it is 308 possible that cardiac-specific Daw signaling regulates longevity through maintenance of cardiac 309 health and production of unknown systemic factors from the fly heart. 310 311 Discussion 312 TGF-beta signaling plays vital roles in a wide range of human diseases, including cancer 313 and cardiovascular diseases 46 . Originally identified as a reproductive hormone, activin, a TGF-314 beta subfamily member, has become an emerging target for the treatment of many human 315 diseases 47 . In the present study, we investigated the role of activin in cardiac aging using a 316
Drosophila heart model. Similar to our previous study in Drosophila flight muscle 21 , reduction 317 of activin signaling prevented age-related decline of cardiac function. We think that this is partly 318 due to the activation of autophagy. Daw mutant flies exhibited high autophagic flux and elevated 319 lysosome activities. Genetic analysis further showed that autophagy gene Atg1 is required for 320 Daw-regulated cardiac aging. Importantly, we found that activation of mTORC1 did not rescue 321 the autophagy and cardiac aging phenotypes in Daw knockdown flies. Instead, activin/Daw 322 signaling interacts with mTORC2 subunit Rictor to regulate autophagy and cardiac function. 323
Thus, our studies uncover an emerging role of activin signaling and mTORC2 in the regulation 324 of autophagy and cardiac tissue homeostasis. 325
Although previous studies reveal an interesting link between TGF-beta family proteins 326 and animal aging 21, 48-50 , the role of activin in cardiac aging is not well understood. It's known 327 that activin A serum levels significantly increase with age 51 . The mRNA expression of activin A, 328 as well as serum activin A levels are positively correlated with heart failure 52, 53 , and 329 hypertension in the elderly 54 . These findings suggest that activation of activin signaling at old 330 ages might be detrimental to the heart. Studies showed that activin A promotes cardiac fibrosis 331 and myocardial damage after ischemia reperfusion 55 . Consistently, mice with heterozygous 332 mutations of ALK4 are protected from pressure overload-induced fibrosis and dysfunction 26, 27 . 333
Inhibition of ALK5 also reduced myocardial infarction-induced systolic dysfunction and left 334 ventricular remodeling in rats 28 . However, other studies suggest that activin A protects hearts 335 from hypoxia/reoxygenation-and ischemia/reperfusion-induced cell death 29 , even though it can 336 promote cardiac apoptosis at higher concentrations 56 . The findings from the present study 337 support the negative regulatory role of activin signaling in cardiac function, in particular age-338 related cardiac dysfunction (e.g., arrhythmia). This is consistent with the pro-aging role of TGF-339 beta and activin 21, 50 . 340 Activin signaling has been implicated in the regulation of a wide range of cellular 341 processes, including cell death and proliferation, inflammation, fibrosis, and metabolic 342 homeostasis 47, 57-59 . The role of activin signaling in the control of autophagy, a key tissue 343 maintenance process, was only identified recently 21, 60-63 . In C. elegans, reduction of activin-like 344 protein Daf-7 suppressed beta-amyloid peptide-induced autophagosome accumulation 62, 63 . 345
Another recent study found that activin A blocked oxygen-glucose deprivation-induced 346 autophagy through the inhibition of JNK and p38 MAPK pathways in neuronal PC12 cells 60 . 347
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